Recent outbreaks of Clostridium difficile infection have been related to the emergence of the NAP1/027 epidemic strain. This strain demonstrates increased virulence and resistance to the C-8-methoxyfluoroquinolones gatifloxacin and moxifloxacin. These antibiotics have been implicated as major C. difficile infection-inducing agents. We investigated by real-time reverse transcription-PCR the impact of subinhibitory concentrations of ampicillin, clindamycin, ofloxacin, and moxifloxacin on the expression of genes encoding three colonization factors, the protease Cwp84, the high-molecular-weight S-layer protein, and the fibronectin-binding protein Fbp68. We have previously shown in six non-NAP1/027 moxifloxacinsusceptible strains that the presence of ampicillin or clindamycin induced an upregulation of these genes, whereas the presence of fluoroquinolones did not. The objective of this study was to analyze the expression of these genes under the same conditions in four NAP1/027 strains, one moxifloxacin susceptible and three moxifloxacin resistant. Two in vitro-selected moxifloxacin-resistant mutants were also analyzed. Moxifloxacin resistance was associated with the Thr823Ile substitution in GyrA in all but one of the moxifloxacin-resistant strains. The expression of cwp84 and slpA was strongly increased after culture with ampicillin or clindamycin in NAP1/027 strains. Interestingly, after culture with fluoroquinolones, the expression of cwp84 and slpA was only increased in four moxifloxacin-resistant strains, including the NAP1/027 strains and one of the in vitro-selected mutants. The overexpression of cwp84 was correlated with increased production of the protease Cwp84. The historical NAP1/027 moxifloxacin-susceptible strain and its mutant appear to be differently regulated by fluoroquinolones. Overall, fluoroquinolones appear to favor the expression of some colonization factor-encoding genes in resistant C. difficile strains. The fluoroquinolone resistance of the NAP1/027 epidemic strains could be considered an ecological advantage. This could also increase their colonization fitness and promote the infection.
Antibiotic exposure is the most widely recognized risk factor for Clostridium difficile infection (CDI). It is assumed that antibiotics disturb the normal intestinal microbiota and its barrier effect, allowing subsequent C. difficile colonization and CDI. Broad-spectrum antibiotics, such as clindamycin, aminopenicillins, and cephalosporins, possess a high propensity to induce CDI (24, 50) . The use of fluoroquinolones has recently been proposed as a significant risk factor for CDI due to emergent strains, such as the NAP1/027 epidemic strain, that are resistant to the C 8 -methoxyfluoroquinolones gatifloxacin and moxifloxacin (5, 15, 35, 45, 55) . This strain displays increased virulence, causing high morbidity and a high mortality rate. This results partly from the hyperproduction of toxins TcdA and TcdB that is caused by a frameshift mutation in the gene encoding negative regulator TcdC (37, 38, 39, 40, 46, 57) .
It has been suggested that the increased virulence was probably insufficient to explain the wide spread of this strain (40) . One explanation could come from its resistance to the C-8-methoxyfluoroquinolones, which have become the most frequently used antimicrobial class in North America in the last several years, as well as throughout Europe. In France, this epidemic strain emerged a short time after they began to be prescribed. The resistance to fluoroquinolones could then be seen as offering an ecological advantage for this strain. A role of antibiotic resistance in the emergence of epidemic strains has already been suggested for the highly clindamycin-resistant "J strain" in the United States and, more recently, for a fluoroquinolone-resistant, toxin-A-negative, toxin-B-positive clonal strain in Ireland (20, 33) . In addition, the increased virulence of strain NAP1/027 and its sudden emergence could also be explained by its considerable ability to adapt to the host gut environment and its greater colonization capacity. The colonization process, which is the first step of the pathogenesis, involves a variety of cell surface-associated proteins. Among these proteins, the Cwp66 adhesin and the Fbp68 fibronectin-binding protein have been shown to mediate attachment to Vero cells (28, 56) . The high-molecular-weight S-layer protein, encoded by the 5Ј end of the slpA gene, has been shown to bind to epithelial cell lines (8, 9, 10, 34) . The Cwp84 cysteine protease possesses degrading activity on several components of the gut basal lamina and could contribute to the degradation of host tissue integrity and the dissemination of the infection (32) . These proteins are able to induce an immune response in patients with CDI, arguing for their putative role in vivo in the colonization process (11, 18, 43, 44) .
Antibiotics could also play a direct role in enhancing colonization. In a previous study, we showed that subinhibitory concentrations of ampicillin and clindamycin increased the expression of four colonization factor-encoding genes (cwp66, slpA, fbp68, and especially, cwp84) in six moxifloxacin-susceptible C. difficile strains. In contrast, ofloxacin and moxifloxacin had no effect on the expression of these genes in the fluoroquinolone-susceptible strains (14) . In this study, we investigated the impact of the four antibiotics (ampicillin, clindamycin, ofloxacin, and moxifloxacin) on colonization factor expression by six moxifloxacin-susceptible or moxifloxacin-resistant strains, including four NAP1/027 clinical isolates and two in vitro-selected moxifloxacin-resistant mutants.
MATERIALS AND METHODS
C. difficile strains and growth conditions. Four NAP1/027 C. difficile strains isolated in Europe (CD196 and CD07-259) and the United States (6296 and 6425) and two in vitro-selected moxifloxacin-resistant mutants were used in this study. Among the NAP1/027 isolates, strain CD196 was the historical moxifloxacin-susceptible, nonepidemic French strain (47) . The two moxifloxacin-resistant mutants were selected in vitro from strain CD196 and strain ATCC 43603, a nontoxigenic clinical isolate from Belgium (Table 1) . Bacteria were grown overnight at 37°C in an anaerobic cabinet (Jacomex), in peptone yeast glucose infusion broth (PYG; Difco Laboratories) containing or not containing subinhibitory concentrations of antibiotic. The antibiotics used in this study were ampicillin (Eurobio), clindamycin (Dalacine; Pfizer), ofloxacin (Sigma-Aldrich), and moxifloxacin (Izilox; Bayer).
MICs were determined by the broth dilution method with Bacteroides thetaiotaomicron ATCC 29741 as control and were interpreted according to the Clinical and Laboratory Standards Institute (CLSI) breakpoints.
For RNA and protein extraction experiments, antibiotics were added to the growth medium to a final concentration of 0.5ϫ MIC. All the cultures were incubated until the stationary phase was reached. Optical density measures and viable count determinations were assessed to exclude bias errors due to differential growth.
In vitro selection of moxifloxacin-resistant mutants. Two moxifloxacin-resistant mutants were selected from the moxifloxacin-susceptible strains CD196 (NAP1/027) and ATCC 43603 (non-NAP1/027). These two parental strains were chosen in order to evaluate the relative roles of the fluoroquinolone resistance and/or the genetic background of these strains in the increased gene expression. Bacteria were grown overnight in antibiotic-free medium and then spread on Columbia cysteine agar containing moxifloxacin at 1ϫ and 2ϫ MIC (2 g/ml and 4 g/ml moxifloxacin). After 3 days of incubation at 37°C in an anaerobic cabinet, colonies were subcultured onto Columbia cysteine agar plates containing 2ϫ MIC of moxifloxacin. One colony of each strain was selected, and the MIC was confirmed. The mutants were designated ATCC 43603-M1 and CD196-M1. The stability of the mutants was assessed by repeated passages on PYG medium.
Molecular analysis of the tcdC gene and the quinolone resistance-determining region. Genomic DNA was extracted using either a GFX genomic DNA purification kit (GE Healthcare) or a QIAamp DNA kit (Qiagen) according to the manufacturer's instructions. Primers OBD81 and OBD82 were used to amplify a 720-bp fragment encompassing the entire tcdC gene as previously described (39) . Primers gyrA1 (5Ј-AATGAGTGTTATAGCTGGAGG-3Ј) and gyrA1-R1 (5Ј-T CTTTTAACGACTCATCAAAG-3Ј) were used to amplify a 390-bp fragment of gyrA (nucleotide positions 71 to 460), and primers gyrB1 (5Ј-ATGTGATGAA CTGGGGTCTT-3Ј) and gyrB1-R1 (5Ј-TCAAAATCTTCTCCAATACCA-3Ј) were used to amplify a 390-bp fragment of gyrB (nucleotide positions 1059 to 1448). Purified amplicons were sequenced by using a BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions. Analysis was performed either with an ABI PRISM 310 or with a 3100 genetic analyzer (Perkin-Elmer Applied Biosystems).
Gene expression analysis. (i) RNA isolation and cDNA synthesis. Optical density measures and viable count determinations confirmed that all cultures reached stationary phase and that RNA extraction was performed on equivalent cell numbers. Total RNA was isolated from at least two independent cultures (biological replicate) by using Trizol reagent (Invitrogen) according to a previously described method (14) . The RNA concentration and quality were determined using an Agilent Bioanalyzer 2100 (Roche) and RNA 6000 Nano kit reagents & supplies (Roche). For each RNA sample, absence of DNA contamination was controlled by performing a real-time PCR on RNA templates (with the same conditions as for the expression study) using primers specific for the rrs gene (encoding the 16S rRNA subunit). First-strand DNA synthesis was then performed on 5 g of purified total RNA with random primers by the use of SuperScriptIII reverse transcriptase (Invitrogen) according to the manufacturer's instructions.
(ii) Real-time PCR. Primers for cwp84, slpA, fbp68, and rrs were designed from the genome sequences of C. difficile 630 and QCD-32g58 (Canadian NAP1/027) ( Table 2 ). Real-time PCR was carried out on a LightCycler instrument using a LightCycler FastStart DNA MasterPLUS SYBR green I kit (Roche). The dilutions of cDNA used in the study were 1:5,000,000 for the rrs gene, 1:50 for cwp84 and fbp68, and 1:5,000 for slpA. Five microliters of cDNA was added to 5 l of PCR mixture (2 l master mix, 0.5 M of each specific primer, and 2 l RNase-free water). The following PCR profile was used for amplification: initial denaturation for 8 min at 95°C and amplification for 45 cycles of 5 s at 95°C, 5 s at 60°C, and 6 s at 72°C. An additional step from a start at 70 to 95°C (0.1°C/s) was performed to establish a melting curve and was used to verify the specificity of the real-time PCR for each primer pair.
(iii) Analysis of the results. The results were normalized to those for the rrs gene and analyzed using the comparative critical threshold (⌬⌬C T ) method. For each RNA extract (two biological replicates under each condition), measurements were performed in triplicate for each gene tested. The comparison of the relative expression ratios of the two biological replicates for each strain allowed us to consider that genes were significantly upregulated if their relative expression level was found to be at least 3. Results were expressed as means Ϯ standard deviations.
Analysis of Cwp84 production by immunoblotting. Glycine extracts containing S-layer proteins were prepared in triplicate from 2 ml of fresh, independent, overnight broth culture as previously described (9) . The protein extract concentration was determined by the Bradford method, using Bio-Rad protein assay reagent with bovine serum albumin as a standard. Equivalent amounts of each protein extract (10 g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a Hybond-P polyvinylidene difluoride membrane (Amersham, GE Healthcare) for immunoblotting. Immunoblotting with specific polyclonal anti-Cwp84 antibodies (1:4,000 dilution in blocking buffer) was performed as previously described (32) . Quantitative differences in Cwp84 production were estimated by densitometric analysis with an imaging system (ImageJ), and results were expressed as means Ϯ standard deviations.
Statistical analysis. The nonparametric Wilcoxon test was performed to evaluate the significance of differences in the expression levels of colonization factorencoding genes between (i) in vitro-selected moxifloxacin-resistant mutants and their parental strains and (ii) moxifloxacin-susceptible and moxifloxacin-resistant strains. P values of Ͻ0.05, with a two-tailed significance level, were considered significant.
RESULTS
Antimicrobial susceptibilities. Table 3 shows the MICs of ampicillin, clindamycin, ofloxacin, and moxifloxacin for the five clinical isolates and the two in vitro-selected moxifloxacin-resistant mutants studied. Ampicillin displayed MICs of Ն2 g/ml for all the strains tested. Among the five clinical isolates, two strains were resistant to clindamycin (MIC ϭ 128 g/ml). The nontoxigenic strain ATCC 43603 and the historical NAP1/027 strain CD196 were susceptible to moxifloxacin (MIC ϭ 2 g/ml), and the three current NAP1/027 strains were resistant (MIC Ն 8 g/ml). All the strains were resistant to ofloxacin (MIC Ͼ 4 g/ml), but the two moxifloxacin-susceptible strains showed a low level of resistance (MIC ϭ 8 g/ml).
Following selection for moxifloxacin resistance, the two mutant strains, ATCC 43603-M1 and CD196-M1, displayed highlevel resistance to moxifloxacin (MICs of 64 and 128 g/ml, respectively) and ofloxacin (MIC Ն 128 g/ml).
Detection of gyrA and gyrB mutations. The quinolone resistance-determining regions of gyrA and gyrB were sequenced from nucleotide codons 40 to 145 and 354 to 482, respectively. No mutation in gyrA or gyrB was found in the two moxifloxacinsusceptible strains, including the historical NAP1/027 strain. In contrast, in two of the three NAP1/027 moxifloxacin-resistant strains (6425 and CD07-259) and in the two in vitro-selected moxifloxacin-resistant mutants, a point mutation (C3T transition) in gyrA was identified, leading to amino acid substitution Thr823Ile (Table 1 ). An additional point mutation in gyrB was found in each in vitro-selected moxifloxacin-resistant mutant, resulting in amino acid substitutions Ser3663Ala in mutant ATCC 43603-M1 and Gln4343Lys in mutant CD196-M1 (Table 1) . No mutation was found in either gyrA or gyrB in the third NAP1/027 moxifloxacin-resistant clinical isolate (6296), which showed a low level of resistance to moxifloxacin (MIC ϭ 8 g/ml).
Analysis of partial deletion and frameshift mutation of the tcdC gene. The tcdC gene was sequenced from the four C. difficile NAP1/027 strains and compared to the published tcdC gene for strain 630. We showed that all NAP1/027 strains studied carry not only the 18-bp deletion in tcdC at positions 330 to 347 but also the 1-bp deletion at position 117 relative to the ATG start codon. In addition, no single nucleotide polymorphism appears when the tcdC genes of the four NAP1/027 strains are compared to each other.
Effects of subinhibitory concentrations of antibiotics on the expression of genes encoding colonization factors in C. difficile NAP1/027 strains. The expression of cwp84, encoding a cysteine protease; slpA, encoding the precursor of the S-layer proteins; and fbp68, encoding a fibronectin-binding protein, was analyzed in the four C. difficile NAP1/027 strains grown in the presence of subinhibitory concentrations of ampicillin, clindamycin, ofloxacin, or moxifloxacin (0.5ϫ MIC). In the presence of the four antibiotics tested, a general upregulation of the cwp84 and slpA genes in the four NAP1/027 strains was observed. However, the level of regulation varied between genes and strains (Fig. 1) . The fbp68 gene was marginally influenced by the presence of these antibiotics (Fig. 1) .
Exposure to subinhibitory concentrations of ampicillin or clindamycin led to the upregulation of slpA and, especially, cwp84. The levels of upregulation were variable and were not correlated with the levels of resistance to ampicillin and clindamycin in the strains tested ( Fig. 1A and B) . In contrast, the impact of fluoroquinolones on the regulation of slpA and cwp84 appears to differ in moxifloxacin-susceptible and moxifloxacin-resistant strains. Exposure to ofloxacin led to a strong increase in cwp84 expression (23-to 34-fold) in the three moxifloxacin-resistant strains; exposure to moxifloxacin led to a strong, 26-fold increase in cwp84 expression in one of the three moxifloxacin-resistant strains (6296) and a moderate increase in the two other resistant strains. Exposure to ofloxacin and moxifloxacin led to strong increases in the expression of slpA in strain CD07-259 (22-and 14-fold, respectively) and to weak increases in strain 6425 (6-and 4-fold, respectively). In contrast, in the historical NAP1/027 moxifloxacin-susceptible strain CD196, exposure to ofloxacin and moxifloxacin led to weak increases in the expression of cwp84 (six-and sevenfold, respectively) and did not significantly modify the expression of slpA (Fig. 1C and D) .
Effects of subinhibitory concentrations of antibiotics on the expression of genes encoding colonization factors in in vitroselected moxifloxacin-resistant C. difficile mutants. In order to determine the differences in regulation observed between C. difficile-susceptible and -resistant strains exposed to fluoroquinolones, we analyzed the expression of cwp84, slpA, and fbp68 in the presence of subinhibitory concentrations of ofloxacin or moxifloxacin (0.5ϫ MIC) in in vitro-selected moxifloxacin-resistant mutants.
As previously observed, the expression of fbp68 was not influenced by the presence of these antibiotics (Table 4) .
In the NAP1/027 moxifloxacin-resistant mutant strain CD196-M1, exposure to ofloxacin and moxifloxacin led to nonsignificant upregulation in the expression of cwp84 and slpA compared to their expression in its parental strain CD196 (Table 4 ).
In the nontoxigenic mutant strain ATCC 43603-M1, exposure to fluoroquinolones resulted in the general upregulation of cwp84 and slpA expression ( Table 4 ). The levels of overexpression of cwp84 with ofloxacin and moxifloxacin were significantly higher (P Ͻ 0.01 and P Ͻ 0.05, respectively) than the level of expression in the moxifloxacin-susceptible parent; the expression of slpA was also upregulated, but not significantly so, compared to its expression in the parental strain (P Ͻ 0.3) ( Table 4) .
These results suggest that the acquisition of antibiotic resistance could modify, at least for those strains, the regulation of colonization factor genes in response to antibiotic stress.
Effects of subinhibitory concentrations of antibiotics on the production of Cwp84 protease. To correlate levels of gene upregulation and protein production, we analyzed the ef- Densitometric analyses of immunoblots revealed that growth in the presence of subinhibitory concentrations of ofloxacin or moxifloxacin has a tendency to increase Cwp84 production in the three NAP1/027 moxifloxacin-resistant strains and the mutant strain ATCC 43603-M1 (Fig. 2) . These results correlate with the increase of cwp84 transcriptional expression previously observed.
The production of the protease was increased strongly in strain 6425 (approximately 130% in the presence of ofloxacin or moxifloxacin) and moderately in strains 6296, CD07-259, and ATCC 43603-M1. The production of the protease was also moderately increased in the historical NAP1/027 moxifloxacinsusceptible strain CD196, as well as in the mutant strain CD196-M1 (Fig. 2) .
On the other hand, in the mutant strain ATCC 43603-M1, growth in the presence of ofloxacin or moxifloxacin, respectively, led to 25% and 20% increases in Cwp84 production, while the level of production was not significantly modified in its parental strain, ATCC 43603 (Fig. 2) . b Ratio of expression in bacteria grown with antibiotic versus expression in control grown without antibiotic. P values for the comparison of the upregulation of genes between the moxifloxacin-resistant mutant and its parental strain were derived using the Wilcoxon test.
c The difference between expression levels in the moxifloxacin-resistant mutant and its parental strain was significant.
FIG. 2.
Effect of subinhibitory concentrations of ofloxacin and moxifloxacin on the production of protease Cwp84 in three moxifloxacinresistant NAP1/027 strains (6296, 6425, and CD07-259), a moxifloxacin-susceptible NAP1/027 strain (CD196), a non-NAP1/027 strain (ATCC 43603), and the two in vitro-selected moxifloxacin-resistant mutants (CD196-M1 and ATCC 43603-M1). Immunoblots and densitometry analyses of glycine extracts were performed. Anti-Cwp84 antibodies reacted with a unique band of 85-kDa protein. Histograms show mean relative optical density ratios (optical density of extract from bacteria grown with antibiotic versus optical density of extract from control grown in antibiotic-free medium) Ϯ standard deviations; optical densities were determined by densitometry scanning. The inserts show examples of Cwp84 immunoblots for each strain grown in the absence (C, control without antibiotic) or presence of 0.5ϫ MIC of ofloxacin (OFX) or moxifloxacin (MXF).
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DISCUSSION
In this study, we investigated the influence of antibiotics on colonization factor expression in six moxifloxacin-susceptible or moxifloxacin-resistant C. difficile strains, including four NAP1/027 strains and two in vitro-selected moxifloxacin-resistant mutants.
No mutation was found in gyrA or gyrB in the two moxifloxacin-susceptible strains tested ( Table 1) . The high-level fluoroquinolone resistance of NAP1/027 strains CD07-259 and 6425 and of the in vitro-selected moxifloxacin-resistant mutants was associated with the usual amino acid substitution in GyrA (Thr823Ile) (1, 2, 16, 19, 31, 51 ). An additional amino acid substitution in GyrB was found in each in vitro-selected mutant (20) . In contrast, no mutation was found in gyrA or in gyrB in the NAP1/027 epidemic strain 6296. Since C. difficile lacks genes for topoisomerase IV, the moderate moxifloxacin resistance of this strain may then be explained by the reduction of the intracellular accumulation of the antibiotic, mediated by a drug efflux mechanism (1, 16) . Nevertheless, several attempts to identify an efflux mechanism in C. difficile have failed (16, 20, 36) .
There is increasing evidence that antibiotics at concentrations below the MIC possess biological activities that could influence the expression of virulence factors in many pathogenic gram-positive bacteria (13) . In Staphylococcus aureus, the expression of the gene encoding the alpha-toxin Hla is induced to different degrees by exposure to subinhibitory concentrations of beta-lactams and fluoroquinolones and repressed by clindamycin (41) . In contrast, clindamycin has been shown to stimulate the production of some exoproteins from staphylococci and Streptococcus pyogenes (29, 41, 49, 54) .
Concerning C. difficile, the impact of subinhibitory concentrations of antibiotics on the production of TcdA and TcdB was subjected to numerous investigations, sometimes leading to disparate results (3, 21, 25, 30, 42, 48) . However, some authors have suggested that the presence of antibiotics could facilitate toxin production (4, 23) .
In contrast to these numerous studies of toxin expression, few studies have been performed on the impact of antibiotics on colonization factor expression. It has been previously shown that C. difficile grown in the presence of ampicillin produced greater levels of GroEL, a heat shock protein with adhesive properties (27) . More recently, a study of the entire transcriptome of C. difficile strain 630 showed that antibiotic stress increased the transcription of genes encoding surface-associated proteins, including putative colonization factors (22) .
We previously showed that exposure to ampicillin and clindamycin increased the expression of colonization factor-encoding genes by non-NAP1/027 moxifloxacin-susceptible C. difficile strains. This increase was correlated with increased adherence to Caco2-TC7 cells. In contrast, ofloxacin and moxifloxacin did not have such an effect (14) . In this study, we showed that fluoroquinolones could have a different effect on C. difficile moxifloxacin-resistant strains. No significant difference in response to ampicillin and clindamycin stress was observed between moxifloxacin-resistant and moxifloxacin-susceptible strains. In contrast, the influence of ofloxacin on cwp84 expression in moxifloxacin-resistant strains was strongly and significantly greater than in moxifloxacin-susceptible strains, including the historical NAP1/027 strain CD196 (32.5-fold mean increase in moxifloxacin-resistant strains versus 3.4-fold mean increase in moxifloxacin-susceptible strains, P Ͻ 0.01). In addition, the influence of ofloxacin on slpA expression was also greater in moxifloxacin-resistant strains (13.6-fold mean increase versus 3-fold mean increase in moxifloxacinsusceptible strains), but this difference was not significant (P ϭ 0.052). The influence of moxifloxacin on the expression of cwp84 and slpA in moxifloxacin-resistant strains also appeared to be greater, but the changes in expression levels were not significantly different from those in moxifloxacin-susceptible strains.
In order to evaluate the respective roles of the acquisition of fluoroquinolone resistance and/or the genetic background of the strains in these differences in colonization factor gene regulation, we selected moxifloxacin-resistant mutants in vitro from one non-NAP1/027 strain (ATCC 43603) and the historical NAP1/027 moxifloxacin-susceptible strain (CD196). In the mutant strain ATCC 43603-M1, fluoroquinolones appear to upregulate colonization factor genes cwp84 and slpA.
The regulation of genes appears to vary according to the gene. In our study, cwp84 was the most upregulated gene in the presence of fluoroquinolones. The increased production of the protease Cwp84 observed in the glycine extracts did not correlate perfectly with the gene's overexpression. However, Cwp84 is not only associated with the cell wall but is also secreted (unpublished data). This could explain some of the discrepancies between gene upregulation and protein production.
In addition, an interstrain variability was observed despite the limited number of strains studied. This variability could concern the genetic environment of target genes and, also, regulatory genes. Although these NAP1/027 strains display the same tcdC organization and are clonally related, they appear to be differently regulated regarding their response to fluoroquinolone stress. This microheterogeneity and microevolution between hypervirulent NAP1/027 strains has already been suggested (52) . We have shown here, for the NAP1/027 nonepidemic strain CD196, that the acquisition of fluoroquinolone resistance in the in vitro-selected mutant was insufficient to increase the expression of colonization factor genes in response to fluoroquinolone stress. The regulation of expression in this historical NAP1/027 strain appears to differ from that in the current NAP1/027 epidemic strains. This diversity of gene regulation between epidemic and nonepidemic strains has to be confirmed by the analysis of a larger panel of strains.
The molecular mechanisms of the regulatory effects of fluoroquinolones on colonization factor gene expression are not yet defined. Fluoroquinolones interact with DNA gyrase, leading to alterations in DNA supercoiling, which is known to affect gene transcription (17, 31) . In addition, fluoroquinolones can induce the SOS response, which is recognized as a critical component of the response to environmental stress (12) . Several studies have previously suggested that the stimulation or depression of bacterial gene expression by subinhibitory concentrations of many antibiotics, whatever their chemical structures and inhibitory actions, occurs at the transcriptional level (6, 26, 29) .
In quinolone-resistant S. aureus, it was shown that the expression of the two fibronectin-binding proteins was increased by subinhibitory concentrations of ciprofloxacin. This was correlated with an increased bacterial adhesion, and the authors have suggested that this may have contributed to the emergence of highly fluoroquinolone-resistant strains (6, 7) .
In conclusion, our results suggest that antibiotics could lead to CDI not only by disruption of the barrier microbiota and its colonization resistance but also by inducing a bacterial stress response leading to enhanced expression of colonization factors, at least in the epidemic fluoroquinolone-resistant NAP1/ 027 strains studied. Antibiotics, then, may help C. difficile to colonize recently vacated niches. After oral administration, fluoroquinolones achieve high concentrations in human stools but the major part is bound to fecal material, leading to reduced amounts of active drug (53) . These residual concentrations of fluoroquinolones may favor the adaptation of some C. difficile fluoroquinolone-resistant strains to the host environment. The genetic specificity and the colonization fitness of the C. difficile NAP1/027 epidemic strains combined with their antibiotic resistance may have contributed to their selection over other strains and their worldwide spread.
